Mature peripheral T cells respond to foreign but not to self-antigens. During development in the thymus, deletion of high-affinity self-reactive immature thymocytes contributes to tolerance of mature T cells. However, double-positive thymocytes are positively selected to survive if they respond to self-peptide-MHC complexes; thus, there must be mechanisms to prevent overt reactivity to those same complexes in the periphery. "Developmental tuning" is the active process through which T-cell receptor (TCR)-associated signaling pathways of single-positive (SP) thymocytes are attenuated to respond appropriately to self-peptide-MHC complexes in the periphery. We previously showed that MHC class II expression in the thymic medulla was necessary to tune CD4 + SP (CD4 SP) thymocytes. CD4 SP thymocytes from mice lacking medullary MHC class II expression had inappropriately enhanced proximal TCR signaling to low-affinity self-ligands that was associated with altered cellular distribution of the tyrosine kinase Lck. Now, we report that activation of both tuned and untuned CD4 SP thymocytes is Lck-dependent. Untuned CD4 SP cells contain a pool of Lck with increased basal phosphorylation that is not associated with the CD4 coreceptor. Phosphorylation of this pool of Lck decreases with tuning. Immunogold transmission electron microscopy of membrane sheets permitted direct visualization of Lck. In the absence of tuning, a significant proportion of Lck and the TCR subunit CD3ζ are expressed on the same protein island; this close association of Lck and the TCR probably explains the enhanced activation of untuned CD4 SP cells. Thus, changes in membrane topography during thymic maturation determine the set point for TCR responsiveness.
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autoreactivity | thymic selection | T cell receptor signaling G eneration of a functional T-cell repertoire requires distinguishing self from nonself. T cells establish self-tolerance during their development in the thymus (1, 2) . Immature, preselection double-positive (DP) thymocytes are positively selected to survive if they respond to self-peptides complexed with self-MHC molecules. However, mature T cells do not respond to those same self-peptides in the periphery. Although clonal deletion removes the most highly self-reactive T cells (3) , it cannot fully explain the lack of autoreactivity in the mature T-cell repertoire. To avoid autoreactivity, thymocyte maturation is accompanied by decreased responses to peptide ligands with low affinities similar to positively selecting self-peptides with unchanged responses to strong agonist ligands (4) (5) (6) . Structural analyses of the αβ T-cell receptor (TCR) in association with peptide-MHC complexes of varying affinities found no TCR conformational changes to explain the disparate response to weak and strong ligands during different developmental states (7, 8) . Instead, research, including ours, shows that the TCR signals elicited by low-affinity ligands decrease during thymocyte maturation (5, 9-11); we call this process "developmental tuning." We previously showed that CD4 single-positive (SP) thymocytes maturing in thymic medulla lacking MHC class II (MHCII) expression were similar to immature thymocytes and remained hyperactive to weak TCR ligands (9, 10) . Thus, developmental changes in the responsiveness of CD4 + SP (CD4 SP) thymocytes are actively regulated via interactions with MHCII + thymic stroma. Multiple intrinsic molecular changes contribute to the maturational tuning of the TCR threshold, including altered expression of inhibitory coreceptors (12, 13) and signaling pathways (4), altered glycosylation of cell-surface receptors (14) , and altered microRNA profiles (15) . We have suggested that, as T cells mature, there is an increased requirement for CD4 engagement to elicit T-cell activation (9) . In this model, CD4 SP thymocytes that mature in the absence of medullary MHCII contain a free pool of Lck that is not associated with the CD4 coreceptor. The increased requirement for CD4 engagement in mature peripheral T cells is presumably mediated by the increased association of Lck required for TCR signaling with the coreceptor.
In the current study, we determined the changes in Lck distribution and activity that occur during postselection maturation. We identify a "free" pool of Lck in immature, untuned thymocytes that does not associate with CD4 and is hyperphosphorylated at baseline. Transmission electron microscopy (TEM) of "stripped" plasma membranes localized Lck in untuned and tuned CD4 SP thymocytes. As expected, CD3ζ and Lck were present on separate protein islands in WT tuned mature thymocytes. In contrast, CD3ζ and Lck were expressed in close proximity within the same protein islands in immature DP thymocytes and hyperactive CD4 SP cells maturing in the absence of MHCII. Thus, regulation of the cellular location and activation of Lck in maturing thymocytes is a key regulatory mechanism to prevent T-cell responses to self-antigens.
Results
We previously reported that TCR-MHCII interactions in the thymic medulla were required to set the activation threshold of postselection CD4 SP cells (9, 10) . This developmental tuning was defective in K14/Aβ b transgenic mice, in which MHCII expression is restricted to thymic cortical epithelial cells (16) , and CD4 + T cells in K14/Aβ b mice were hyperactive to weak TCR stimulations (9, 10) . Untuned K14/Aβ b SP thymocytes depended less than tuned WT SP cells did on CD4 coreceptor engagement for activation. Analysis of K14/Aβ b SP cells suggested changes in the subcellular distribution of Lck (9), the key tyrosine kinase associated with CD4 coreceptor (17) . A fraction of Lck that is free and not associated with the CD4 coreceptor was present in the untuned K14/Aβ b SP cells (9) . Thus, our previous results suggested that tuning could decrease the sensitivity of maturing CD4 SP cells by fixing the association of Lck with CD4.
We hypothesized that the differential reactivity of tuned and unturned cells reflects differential regulation of Lck. We first verified that the enhanced response of K14/Aβ b CD4 SP thymocytes to TCR stimulation depends on Src family kinases, including Lck. Pharmacologic inhibitors specific for the Lck kinase are not available. However, recent work suggests that Lck may be the primary target in T cells of the Src family kinase inhibitor dasatinib during TCR stimulation because dasatinib had no effect on T cells expressing dasatinib-resistant Lck mutants (18) . CD4 SP thymocytes were treated with dasatinib for 2 h before stimulation with 8 ng/mL or 1 μg/mL anti-CD3ɛ mAb and MHCII −/− antigen-presenting cells (9); up-regulation of CD69 was measured at 12 h. Inhibition of Lck kinase activity blocked activation of both tuned WT and untuned K14/Aβ b CD4 SP cells' responses to both concentrations of anti-CD3ɛ antibodies (Fig.  1) . These data suggest that the hyperactivity of untuned CD4 SP thymocytes in K14/Aβ b mice is Lck kinase-dependent. Fig. S1 , we observed increased phospho-staining of Lck pY394 in the AND CD4 SP cells maturing in the MHCIIdeficient K14/Aβ b medulla. Thus, the observed altered Lck autophosphorylation in K14/Aβ b CD4 SP thymocyte is attributable to defective tuning rather than to impaired negative selection. Next, we analyzed which cellular fraction of Lck is autophosphorylated in the unturned cells. Immunoprecipitation (IP) of CD4 followed by Western blot analysis showed that the fraction of Lck that precipitated with CD4 has equal amounts of pY394 in K14/Aβ b and WT SP cells. In contrast, untuned K14/Aβ b SP cells have more free Lck that is not associated with CD4 ( Fig.   2B ), and this Lck is autophosphorylated. Thus, the free Lck in untuned SP thymocytes is activated. We next asked whether the enhanced T-cell response of untuned CD4 SP cells was associated with additional activation of Lck beyond the basal hyperphosphorylation after TCR crosslinking. CD4 SP thymocytes from K14/Aβ b and WT mice were stimulated by anti-CD3ε mAb cross-linking alone without additional cross-linking of CD4 or CD28, which induces TCR signaling and calcium flux in naïve CD4 + T cells (9) . Lck was again hyperphosphorylated in unstimulated CD4 SP cells from K14/ Aβ b thymi than from WT. CD3ε cross-linking slightly increased the phosphorylation of Lck at the activating tyrosine, Y394, in WT SP thymocytes. However, in untuned CD4 SP cells from K14/Aβ b thymi, the phosphorylation of Y394 did not significantly change. Phosphorylation of Fyn was equivalent in K14/Aβ b and WT CD4 SP thymocytes upon TCR cross-linking (Fig. 2C) , suggesting that the enhanced response of K14/Aβ b CD4 SP cells reflects the increased phosphorylated Lck present at baseline rather than enhanced phosphorylation of Lck with stimulation. To determine whether the enhanced autophosphorylation of Lck in K14/Aβ b cells altered TCR signaling, activation of ζ-chainassociated protein kinase 70 (Zap70) and linker for activation of T cells (Lat) were also examined. The basal phosphorylation of Zap70 and Lat were similar in resting CD4 SP thymocytes from K14/Aβ b and WT mice. However, after TCR cross-linking, both Zap70 and Lat were more phosphorylated in K14/Aβ b than in WT CD4 SP thymocytes (Fig. S2) . Thus, enhanced autophosphorylation of Lck is associated with enhanced TCR signaling and suggests that hyperactivation of immature, "untuned" CD4 SP thymocytes is, in part, mediated by the activated form of Lck.
Lck Localization Changes with Maturation of CD4 SP Thymocytes. The reduced activation threshold of untuned CD4 SP thymocytes to low-affinity ligands suggests that Lck may be more accessible to the TCR signaling complex before activation, and the free pool of activated pY394 Lck in untuned cells is not associated with CD4. We, therefore, hypothesized that more free coreceptorunassociated pools of Lck would directly interact with the TCR complex in untuned CD4 SP thymocytes than would in tuned WT cells. Analyzing fixed, permeabilized CD4 SP thymocytes by fluorescent microscopy showed that Lck and CD4 colocalized in the cell membrane of both K14/Aβ b and WT SP thymocytes. With the limited resolution of fluorescent imaging, we could not identify any Lck that was not in close proximity to CD4 (Fig. 3) . Recent studies identified pools of Lck in endosomal and Golgi compartments that participate in intermediate to late events of TCR signal transduction (23, 24) . We, therefore, asked whether developmental tuning altered the proportion of Lck localized in submembrane endosomes or Golgi. Endosomes were identified by expression of transferrin receptor; Golgi were identified by localization of γ1-adaptin. Intracellular clusters of Lck and CD4 could be identified in less than 10% of maturing SP thymocytes from either K14/Aβ b or WT mice. There was no significant difference between K14/Aβ b and WT CD4 SP thymocytes in their endosomal and Golgi pools of Lck (Fig. S3) , suggesting that these pools of Lck may not contribute to the hyperreactivity of untuned K14/Aβ b SP cells. More importantly, if there is a reorganization of Lck during CD4 SP thymocyte maturation, it cannot be resolved by fluorescent imaging.
Tuning Decreases Lck Interaction with TCR on Plasma Membrane.
Because the resolution of fluorescent imaging was not sufficient enough to resolve the membrane distribution of molecules, we used an Immunogold TEM approach (25) (26) (27) (28) to analyze membrane topography of SP cells undergoing tuning. Membrane sheets prepared from K14/Aβ b and WT CD4 SP thymocytes were stained with CD3ζ, CD4, or Lck antibodies followed by Immunogoldconjugated secondary antibodies and analyzed by TEM. All three proteins localized to electron-dense "islands" as has been previously described (25) . We first analyzed CD4-Lck localization in untuned and tuned SP thymocytes. We found that Lck localized with CD4 in clusters in both untuned and tuned SP thymocytes. However, we also observed independent pools of CD4 and Lck in the plasma membranes of both K14/Aβ b and WT SP thymocytes (Fig. S4) . It is possible that the physical association of Lck and the cytoplasmic domain of CD4 (29) sterically limit the ability for binding of antibodies directed at the cytoplasmic domains. Similarly, antibody bound to either CD4 or Lck might prevent their physical approximation. Nevertheless, these data suggested that cell membranes of both untuned and tuned SP thymocytes have CD4-unassociated free fractions of Lck. We then turned to an analysis of Lck and CD3ζ. The two proteins were not present within the same protein islands in WT SP CD4 cells (Fig. 4) . However, Lck and CD3ζ were frequently found on the same protein island in the cell membranes of untuned K14/Aβ b CD4 SP thymocytes (Fig. 4) . Analyses of the gold particle distribution and bivariate Ripley's K function are shown in Table 1 and Fig. 4 , respectively. These data document enhanced clustering of CD3ζ and Lck in untuned CD4 SP cells from K14/Aβ b thymi. In contrast, there is no colocalization of CD3ζ and Lck in tuned cells at distances from 20 to 200 nm. We did not observe any CD4 coreceptor localization with CD3ζ in both the untuned and tuned SP thymocytes (Fig. S5) , indicating that the TCR-associated Lck in the untuned cells, in fact, is the free fraction that biochemical analyses (i.e., Fig. 2B ) show is activated in the resting cell. Thus, TCR-MHCII interactions during thymic medullary residency are associated with markedly decreased colocalization of CD3ζ and Lck.
The colocalization of CD3ζ and Lck in untuned CD4 SP thymocytes suggests that this is the phenotype of less mature cells. To directly test this possibility, we asked whether Lck also colocalized with the TCR in preselection DP thymocytes. We analyzed plasma membrane sheets from preselection CD5 lo CD69 − DP thymocytes (12, 30) . As expected, there was reduced membrane expression of CD3ζ in preselection DP thymocytes (31, 32) . Strikingly, in many preselection DP thymocytes, Lck directly localized with CD3ζ on cell membrane (Fig. 5) . Altogether, our results clearly show that TCR-MHCII interactions during thymic medullary maturation are associated with decreased approximation of the TCR and Lck at the plasma membrane.
Discussion
In this study, we analyzed the molecular changes that occur during postselection developmental tuning of CD4 SP cells, focusing on the regulation of the key tyrosine kinase Lck. We find that the decreased responsiveness of mature CD4 SP cells is associated with decreased activation of Lck and loss of a pool of Lck localized to the same protein islands as the CD3ζ chain. Thus, developmental changes in the localization and associations of signaling molecules in the membrane prevent autoimmunity in mature T cells.
Our focus on the membrane biology of Lck presumed that the enhanced responsiveness of untuned CD4 SP cells is Lck-dependent. The focus on Lck came from our previous observation that activation of immature, untuned cells is associated with a decreased requirement for CD4 cross-linking (9). We identified a pool of Lck in untuned cells that was not associated with CD4 and hypothesized that, before tuning, Lck might be activated independently of CD4 cross-linking. We now show that the Src kinase inhibitor dasatinib inhibits activation of both tuned WT and untuned K14/Aβ b CD4 SP cells. Published results suggest that Lck is the only Src-family target of dasatinib in primary murine and human T cells during activation (18), and we do not detect a significant role for Fyn in the hyperactivity of untuned K14/Aβ b T cells. Thus, we are confident that changes in the biology of Lck mediate developmental tuning.
Lck kinase activity is regulated by phosphorylation and dephosphorylation of Y394, the activating tyrosine in the catalytic domain, and Y505, the inhibitory tyrosine at the C terminus (17, (19) (20) (21) . In support of the model that decreased reactivity is mediated by altering the activity of Lck, we found that tuning decreases the proportion of Lck that is phosphorylated at Y394. Interestingly, the active Lck is enriched in the pool of free Lck that is not associated with CD4. A recent study found that a significant proportion of the Lck in resting primary T cells and thymocytes is phosphorylated at Y394 (33) . Our results agree with that analysis and further imply that the fraction of Lck that is phosphorylated at Y394 is developmentally regulated. The differential phosphorylation and activation of Lck in resting cells was tightly controlled by access to the tyrosine phosphatase CD45 (34 significant changes in the expression of CD45 during thymocyte maturation (Fig. S6) ; however, we have not examined the membrane localization and associations of CD45.
Immunogold TEM allowed us to directly visualize the distribution of Lck at the plasma membrane and showed the Lck and the ζ-chain of the TCR localized within less than 50 nm, which should permit protein-protein interactions to occur. The physical association of Lck with the TCR in immature thymocytes has been previously suggested by IP assays (4). However, in those studies, the pool of Lck associated with the CD4 and CD8 coreceptors was not depleted before IP of the TCR. Thus, ultrastructural examination of plasma membranes supports a model in which Lck directly interacts with the TCR in immature T cells.
The ultrastructural distribution of signaling molecules at the plasma membrane of T cells has garnered limited attention. Davis and colleagues showed that membrane-associated proteins localize to electron-dense regions of the membrane that are probably lipid rafts (25) . In more recent work, Lillemeier et al. used multiple techniques, including TEM, to show that the proximal adaptor protein LAT localizes to protein islands distinct from those containing TCRζ in naïve T cells (26) . T-cell activation led to concatenation of the islands so that LAT and ζ-islands associated at distances greater than 40-100 nm. We found similar separation of Lck and TCRζ in mature CD4 SP thymocytes; however, the two proteins colocalized in untuned SP thymocytes. Thus, tuning correlates with separation of the protein islands containing proximal signaling molecules, which should increase the threshold for association and activation.
The developmental and biochemical mechanisms that segregate Lck from the TCR are unknown. Our model proposes that the differences in Lck localization in tuned and untuned cells reflect developmental changes. In agreement with this model, we found Lck and TCRζ localization to the same protein islands in immature DP thymocytes persisting in CD4 SP CD4 thymocytes in the absence of MHCII interactions, the phenotype of untuned cells. However, it is also possible that the membrane organization of CD4 SP cells maturing in MHCII-deficient thymic medullae results from biochemical changes that occur in all CD4 T cells in MHCIIdeficient environments. There is disagreement in the literature on the effect on T-cell activity of withdrawal of tonic MHCII interactions (35, 36) ; however, Bhandoola et al.'s work clearly suggested that TCR hyperactivity and autoimmunity occurred in the absence of CD4 T-cell tuning in MHCII-deficient environments (36) . It will be important to determine whether the hyperactivity of mature cells in MHCII-deficient environments is also associated with relocalization of Lck in the plasma membrane.
We can envision a number of biochemical mechanisms for the relocalization of Lck. Tuning could regulate the posttranslational modification of Lck. For example, posttranslational palmitoylation of Lck is a dynamic, reversible process that occurs at the cell membrane (37, 38) . Lck can be palmitoylated on two cysteines, Cys3 and Cys5, or on both, and palmitoylation of either cysteine directs Lck to the membrane (39) (40) (41) . However, palmitoylation of Cys3 may be more important for lipid raft distribution (40, 42) . One possibility is that postselection tuning regulates Lck palmitoylation and thereby its membrane associations. Alternatively, tuning could alter the lipid composition of the membrane, which leads to secondary changes in protein associations. Brezski and Monroe previously suggested that the increased responsiveness of mature B cells resulted from increasing the cholesterol content of the membrane (43) . However, we do not detect significant differences in the cholesterol content of tuned and untuned CD4 SP thymocytes. Finally, developmental changes in protein-protein interactions may account for tuning. For example, developmental changes in the expression of adaptor proteins such as Dlgh1, which acts as a scaffold for many signaling molecules including the TCR and Lck (44) (45) (46) (47) , could mediate the cellular redistribution of Lck during T-cell maturation.
This study is a step forward in our understanding of the membrane organization of maturing T cells. We have shown that reorganization of signaling molecules in the membrane of maturing thymocytes is a unique mechanism for preventing selfreactivity in the mature T-cell repertoire. Future exploration of membrane topography of T cells will therefore help us to understand how self-tolerance is breached in autoimmune disease.
Materials and Methods
Mice. C57BL/6 and AND TCR transgenic mice (48) were purchased from The Jackson Laboratory. K14/Aβ b transgenic mice (16) and MHCII-deficient (Aβ b−/− ) mice (49) were described previously (9, 10). All animals were maintained and used in accordance with the institutional animal care and use guidelines of the University of Pennsylvania.
Drug Treatment and T-Cell Activation. CD4 SP cells were preincubated with the indicated concentrations of dasatinib (Santa Cruz Biotechnology) for 2 h followed by incubation with MHCII −/− antigen-presenting cells and anti-CD3ε mAb (clone 145-2C11) for 6 h. Cells were then washed, blocked with anti-CD16/32 (clone 2.4G2), and stained as previously described (10) . Cells were analyzed on FACSCalibur (BD) with FlowJo software. Cells incubated without dasatinib were used as controls. For biochemical studies, 5 × 10 6 CD4 SP thymocytes were incubated with 1 μg/mL biotinylated anti-CD3ɛ mAb (eBioscience) for 30 min on ice followed by in vitro cross-linking with 25 μg/ mL streptavidin (Thermo Scientific) at 37°C. T-cell activation was stopped by adding ice-cold PBS. Cells were lysed and biochemically analyzed as described below. Cells incubated with pervanadate (50) for 2 min were analyzed in parallel.
IP and Western Blotting. Biochemical analysis of Lck in maturing CD4 SP thymocytes is carried out as described previously (9) . Briefly, CD4 SP thymocytes were lysed in 1% Nonidet P-40 lysis buffer (51) containing 10 mM Tris·HCl, 140 mM NaCl, 2 mM EDTA, 1 mM NaF, 1 mM orthovanadate, and a mixture of protease inhibitors (Roche). IP was carried out with anti-CD4 (clone GK1.5; eBioscience) or Lck (clone 3A5) mAb and protein G Sepharose (both from Millipore). For analyzing the CD4-unassociated free Lck, CD4 was sequentially immunoprecipitated four times to immunoprecipitate out all of the CD4 before analyzing the supernatant for free Lck. For Fyn IP, Lck was first immunoprecipitated followed by IP with anti-Fyn antibody (Santa Cruz Biotechnology). Cell lysate, immunoprecipitated proteins, and the supernatants were resolved on a 10% SDS/PAGE, transferred to nitrocellulose membrane, immunoblotted, and developed with ECL Plus reagents (Amersham). Densitometric quantification of band intensity of phosphorylated proteins was measured with ImageJ software and was normalized to total protein. Relative band intensities were calculated by dividing normalized values with that of standards.
Immunofluorescence Microscopy. CD4 SP thymocytes were attached to a cover glass coated with poly-L-lysine (Sigma Aldrich). Cells were fixed with 4% paraformaldehyde and permeabilized in 0.3% Tween 20 in PBS. Cells were then blocked in PBS containing 0.01% saponin and 0.25% fish gelatin (PSG buffer; Sigma Aldrich) followed by incubation with Lck (clone 2102; Santa Cruz Biotechnology) and CD4 (clone RM4-5; eBioscience) for 1 h. Coverslips were washed in PSG buffer and stained with Alexa Fluor-conjugated secondary antibodies, washed, and mounted in Moviol, and analyzed under Zeiss Axiovert 200M inverted microscope. Images were processed with Adobe Photoshop CS3 software.
Plasma Membrane Sheet Preparation, Immunogold Staining, and TEM. Plasma membrane sheets were made on Formvar-coated nickel grids by using previously described protocols (25, 52) . Grids were stained with primary antibodies to the C terminus of CD4 (clone C-18), Lck (clone 2102) (both from Santa Cruz Biotechnology), or TCRζ (clone 1ζ3A1; BD) in PBS containing 0.1% BSA, followed by anti-goat, anti-rabbit, or anti-mouse secondary antibodies conjugated to either 6-or 12-nm gold particles (Jackson ImmunoResearch). Stained grids were washed in 100 mM sodium cacodylate buffer followed by postfixation with 1% OsO 4 in 100 mM sodium cacodylate buffer for 10 min. Grids were then rinsed in water followed by sequential negative staining with 0.3% tannic acid and 2% uranyl acetate (all reagents were from Electron Microscopy Science), washed, and dried. Digital images were acquired with an FEI-Tecnai T12 TEM equipped with a Gatan CCD camera. Images of the positions of 6-and12-nm gold particles were processed with ImageJ, and the datasets were fed into Cellspan software (http://stmc.health.unm.edu/~wester/STMC/cellspan/) to perform the statistical functions for Hopkins test for particle clustering and Ripley's bivariate test for particle coclustering (52, 53) .
For details on cell isolation, intrathymic transfer, and flow cytometry, see SI Materials and Methods.
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